ABSTRACT Commercial producers of honey bee queens (Apis mellifera L.) have reported unexplained loss of immature queens during the larval or pupal stage. Many affected queen-rearing operations are situated among the almond orchards of California and report these losses in weeks after almond trees bloom. Almond ßowers are a rich foraging resource for bees, but are often treated with fungicides, insecticides, and spray adjuvants during bloom. Anecdotal reports by queen producers associate problems in queen development with application of the fungicide Pristine (boscalid and pyraclostrobin) and spray adjuvants that are tank-mixed with it. To test the effect of these compounds on queen development, a new bioassay was developed in which queens are reared in closed swarm boxes for 4 d, until capping, with nurse bees fed exclusively on artiÞcially contaminated pollen. Pollen was treated with four concentrations of formulated Pristine (0.4, 4, 40, and 400 ppm), a spray adjuvant (Break-Thru, 200 ppm), the combination of Pristine and spray adjuvant (400:200 ppm), the insect growth regulator insecticide dißubenzuron (100 ppm) as a positive control, or water as negative control. Chemical analysis revealed that low concentrations of pyraclostrobin (50 ppb), but no boscalid, were detectable in royal jelly secreted by nurse bees feeding on treated pollen. No signiÞcant difference in queen development or survival was observed between any of the experimental treatments and the negative control. Only dißubenzuron, the positive control, caused a substantial reduction in survival of immature queens.
Approximately one million honey bee queens are raised commercially and sold to beekeepers in the United States each year, with many of these queens produced commercially by large rearing operations in California (Cobey et al. 2012) . Many queen-rearing operations are among the 316,000 ha of almond orchards in California (National Agricultural Statistics Service [NASS] 2012). Almonds require honey bee pollination (Delaplane and Mayer 2000) , so it is common to Þnd beekeeping operations near almond orchards. Indeed, production of high-quality queens requires strong well-fed colonies and the large areas of blooming almond trees provide an abundant source of nectar and pollen to facilitate queen production.
Given the interdependence between bees and almonds, the use of pesticides with toxicity to bees is unacceptable during bloom. There are, however, many pesticides applied to almonds. Nearly 9 million kilograms of pesticides and adjuvants, including 209 different active ingredients, were applied to almonds in California in the 2010 (http://calpip.cdpr.ca.gov). A majority of these were applied outside the blooming period (15 February to 15 March), when honey bees either are not present or almonds are unattractive to bees. However, 0.7 million kilograms of pesticide, including 120 different active ingredients, were applied during the month of February in 2010, around the time of almond bloom. Undoubtedly, honey bees are exposed to these pesticides and may bring these chemicals back to the hive in nectar or pollen that is collected, or on the bees themselves .
The effects of fungicides applied during almond bloom to immature honey bees is of particular concern, as these compounds can be found in bees and bee products at levels as high as 100 ppm , and fungicides are generally not toxic to adult bees (Atkins 1992) . The fungicides captan and iprodione have been shown to affect development of larval honey bees in laboratory and semiÞeld studies (Atkins and Kellum 1986, Mussen et al. 2004) .
The formulated fungicide Pristine (25.2% boscalid and 12.8% pyraclostrobin) was Þrst applied to almonds in California in 2004 (Fig. 1 ). Since that time there have been sporadic reports of high levels of mortality in the immature stages of both workers and queens in the weeks after Pristine application to blooming almonds (Mussen 2008 (Mussen , 2012 . Boscalid and pyraclostrobin, the active ingredients in Pristine, kill fungi by inhibiting the electron transport chain in the mitochondria at complexes II and III, thereby inhibiting oxidative phosphorylation (Kuhn 1984 , Anke 1995 (Saccone et al. 2006) , including honey bees, so it is plausible that honey bees could be harmed by exposure to Pristine. It is puzzling that reports of immature mortality associated with Pristine application have only been sporadic, given the widespread use of this fungicide. This unpredictability suggests that another factor, besides Pristine alone, may be involved in causing the effects observed. DeGrandiÐHoffman et al. (2013) found that the combination of chlorpyrifos and Pristine may affect queen development more than chlorpyrifos alone. Another possible interacting agent is the organosilicone class of spray adjuvants, which are known to be applied in combination with fungicides in a tank-mix (Mussen 2012) . Spray adjuvants are used to increase the efÞcacy of the active ingredients in a pesticide formulation or mix, and they have been shown to have direct effects on the ability of honey bees to learn (Ciarlo et al. 2012) .
To determine the effects that Pristine and the organosilicone adjuvants have on immature queen development and survival, we reared queens inside closed swarm boxes provisioned with pollen-containing known concentrations of Pristine that bracket the fungicide concentrations observed in Þeld-collected pollen . Treatment inside closed swarm boxes is advantageous because it allows for tight control over the diet and pesticide exposure of bees during the period of conÞnementÑan impossibility in experiments using free-ßying colonies.
Both a positive and a negative control were included. Dißubenzuron was chosen as the positive control. It is an insect growth regulator insecticide that works through inhibition of chitin synthesis (Yu 2008) , and has well-established toxic effects on immature, but not adult bees (reviewed in Tasei 2001).
Materials and Methods
All queen rearing took place at C.F. Koehnen and Sons in Glenn, CA, between 23 April and 10 June 2012. KoehnenÕs is a large-scale commercial queen-rearing operation situated among almond orchards. All bees and queen rearing supplies, with the exception of the swarm boxes, pollen, and queen cages, were provided by KoehnenÕs.
Pollen. Fresh bulk bee-collected pollen was purchased from Betterbee (Greenwich, NY) in 10-pound bags. Bags were labeled with both the United States and China as country of origin. Pollen from all bags was homogenized in a bucket to yield a uniform mixture, then this mixed pollen sample was submitted to the U.S. Department of AgricultureÐAgricultural Marketing ServiceÐNational Science Laboratory (USDAÐ AMSÐNSL) (Gastonia, NC) for multi-residue pesticide analysis.
Only 2 of 174 pesticide or breakdown products were detectable in the source pollen at levels above the limit of detection (1Ð50 ppb). Coumaphos was present at 2.8 ppb and 2,4-dimethylphenyl formamamide (DPMF) was present at 45.2 ppb in the mixed pollen sample. Coumaphos is an acaricide applied by beekeepers (Johnson et al. 2010) , and DPMF is a breakdown product of amitraz (Hornish et al. 1984) , another acaricide applied by beekeepers. Both compounds are common in bee-collected pollen. In a comprehensive analysis of bee pollen samples collected across the United States, coumaphos was detected in 309 of 350 pollen samples at a median concentration of 13.1 ppb, and DPMF was found in 77 of 247 samples at a median concentration of 75 ppb .
Chemicals. Formulated Pristine (25.2% boscalid and 12.8% pyraclostrobin; BASF, Florham Park, NJ) was provided by Michael Ellis in the Department of Horticulture and Crop Science at The Ohio State University. The formulated product Pond Care Dimilin (0.10% dißubenzuron; Aquarium Pharmaceuticals, Inc., Chalfont, PA) was donated by Rohr & Sons Nursery-Garden Center of Massillon, OH. The adjuvant Break-Thru (100% Polyether-Polymethylsiloxane-Copolymer; Evonik Goldschmidt, Hopewell, VA) was donated by Kamron Koehnen.
Two grams of the fungicide Pristine was dissolved in 500 ml deionized water to make a 4,000 ppm stock solution of the formulated product. This solution was serially diluted to make stock solutions with 400, 40, and 4 ppm Pristine. Solutions were constantly agitated during handling and dilution to keep all Pristine in suspension. Pristine solution (85 ml) was added to 750 g of pollen and pulsed for 30 s in a food processor (model FP2500, Black & Decker, Towson, MD) to make a Þnal concentration of 400, 40, 4, and 0.4 ppm Pristine in pollen. Undiluted Pond Care Dimilin was incorporated into pollen to achieve a concentration of 100 ppm dißubenzuron.
Undiluted Break-Thru was pipetted into a running food processor to incorporate it into pollen at 200 ppm. Break-Thru was also incorporated into pollen in combination with Pristine to achieve a Þnal concentration 200 ppm Break-Thru and 400 ppm Pristine. The relative concentration of Break-Thru to Pristine was determined based on the maximum recommended ratio of adjuvant to pesticide listed on the Break-Thru label. The concentration of pyraclostrobin and boscalid, the active ingredients in Pristine, was veriÞed in pollen samples.
Queen Rearing. Treated pollen was shipped overnight on ice packs and kept frozen at Ϫ20ЊC until use. Pollen was manually pushed into both sides of a drawn empty frame to Þll it with Ϸ600 g of pollen. Sugar syrup was sprayed on the pollen and allowed to set for 1 h to keep pollen in the cells.
Six swarm boxes were constructed using plans outlined by Spivak and Reuter (1994) . Boxes were provisioned with a frame of treated or control pollen, 3.5 kg sugar syrup (O-sucrose or HFCS 55; Mann Lake, Hackensack, MN) in a division board feeder (M00859, Dadant & Sons, Hamilton, IL), and one empty drawn frame.
Nurse bees were shaken from colonies into a bulk bee box. Approximately 2.27 kg (5 lbs.) of bees, measured by equivalent volume, were placed in the prepared swarm boxes, then the boxes were placed in a dark well-ventilated area.
Young worker larvae (Ͻ24 h) were grafted from a mix of Italian and Carniolan breeder colonies into wax queen cups afÞxed to wooden bars, 20 cups per bar, and Þtted into special grafting frames holding a total of 60 larvae. Grafting frames were quickly transferred to the middle frame position in prepared swarm boxes. As many as 360 grafts were completed within 1 h by three expert grafters working side by side.
After 4 d in the closed swarm boxes, grafting frames were carefully removed and nurse bees were brushed off. Capped queen cells were counted, and frames with queen cells were transferred to an incubator (34ЊC, 80% relative humidity [RH] ). Three queen cells from each frame were opened, and the royal jelly was removed with a pipette, pooled, and stored at Ϫ20ЊC in a glass vial for chemical analysis. Pollen and syrup consumption in each swarm box was determined by comparing the starting and ending weight of the pollen frame and division board feeder. Five to 10 g of treated pollen were taken from pollen frames using a spatula and stored at Ϫ20ЊC for chemical analysis. Live bees were returned to colonies in distant apiaries, and the dead bees remaining in the swarm box were collected and weighed.
After 7 d in the incubator, queen cells were cut from the grafting bars and placed inside individually labeled plastic hair roller queen cages (QC-115, Mann Lake, Hackensack, MN). Caged queen cells were returned to the incubator and checked for queen emergence 4 d later. Emerged queens were counted, examined for abnormalities, and killed by placing at Ϫ20ЊC. Unemerged queen cells were dissected, and the age at which the unemerged queen died was estimated based on morphological characteristics. Queen quality was assessed by measuring the width of the thorax with a digital caliper (model 14-648-17, Fisher, Pittsburgh, PA; Tarpy et al. 2012) .
Trials. In total, 1320 larvae were grafted on Þve different dates in 2012 into swarm boxes containing pollen treated with the following: negative control, water ( In total, 22 swarm boxes were set up with 1,560 grafted larvae.
Statistical Analysis. A 2 goodness-of-Þt test was used to determine treatment effects on the survival of queen larvae to capping and adult emergence. Oneway analysis of variance (ANOVA) was used to determine treatment differences in food consumption, dead bee accumulation, and queen thoracic width. TukeyÕs honestly signiÞcant difference (HSD) test was used for pairwise comparisons between treatments. All statistical analysis was performed using R (R Development Core Team 2013).
Chemical Analysis. Fresh royal jelly and treated pollen were both collected for chemical-residue testing on the day capped queen cells were removed from swarm boxes. All samples were stored at Ϫ20ЊC and shipped on blue ice packs. QuantiÞcation of pyraclostrobin and boscalid concentrations in samples exposed to Pristine was accomplished at the USDAÐAMSÐNSL in Gastonia, NC. A modiÞed version of the QuEChERS method (Quick, Easy, Cheap, Effective, Rugged, and Safe [Lehotay 2007 ]) was used to extract the pesticide residues. First, each sample was weighed into a 50-ml conical centrifuge tube, then, a process control standard, an internal standard, and an extraction solvent was added. Samples were homogenized by taking them through the remainder of the QuEChERS extraction protocol to remove matrix components. Each sample was Þltered to remove particulates and analyzed against calibration standards by LC/MS/MS.
Results
Pollen and Syrup Consumption. Pollen consumption was conÞrmed by visual inspection of the pollen frames. Bees in several boxes transferred syrup from the division board feeder into the pollen frame, which resulted in 5 of 22 pollen frames increasing in weight over the duration of the experiment. A signiÞcant negative correlation was observed between the weight of syrup removed from the feeder and weight of the pollen frame (PearsonÕs r; P ϭ 0.003; r ϭ Ϫ0.56), which provides evidence that the increased weight was because of storage of sugar syrup in the pollen frame. Overall, pollen frames decreased in weight 122 Ϯ 191 g (mean Ϯ SD) after 4 d in the swarm box. No effect of treatment was observed in relation to changes in the weight of the pollen frame (F ϭ 0.71; df ϭ 7,14; P ϭ 0.66). There was no syrup remaining in the feeders of 18 of the 22 swarm boxes. An average of 3.33 Ϯ 0.61 kg of syrup was removed from feeders. Again, pesticide treatment appeared to have no effect on syrup removal (F ϭ 1.5; df ϭ 7.14; P ϭ 0.26). To account for the transfer of sugar syrup by bees, the total change in weight of the pollen frame and feeder together was determined. Bees consumed 3.45 Ϯ 0.53 kg of syrup and pollen, combined, in each box, with no effect of treatment (F ϭ 1.3; df ϭ 7,14; P ϭ 0.31).
Adult Worker Bee Health. An average of 94 Ϯ 21 g dead bees were collected from the bottom of swarm boxes, with no effect of treatment (F ϭ 0.672; df ϭ 7,8; P ϭ 0.69). No changes in nurse bee activity or behavior were noted in any of the treatments.
Queen Development. There were signiÞcant differences between treatments in the number of larvae surviving from grafting to emergence ( 2 ϭ 166; df ϭ 7; P Ͻ 0.001; Fig. 2) . However, when the dißuben-zuron-treated positive control was removed from the analysis, there was no signiÞcant difference between the survival rates in the negative control, Pristine, or Break-Thru treatments ( 2 ϭ 7.7; df ϭ 6; P ϭ 0.26). The capping rate of grafted larvae was signiÞcantly different between treatments ( 2 ϭ 64.6; df ϭ 7; P Ͻ 0.001), but again, when the dißubenzuron treatment was removed, there was no difference between the other treatments ( 2 ϭ 0.89; df ϭ 6; P ϭ 0.99). No dißubenzuron-treated queens survived to emergence; on dissection, all were putreÞed black larvae that appeared to have died soon after capping.
The mean thoracic width for all 670 queens was 4.52 Ϯ 0.19 mm. The thoracic width of queens varied signiÞcantly among treatments (F ϭ 4.4; df ϭ 6,663; P Ͻ 0.001). No treatment was signiÞcantly different from the negative control, but the thoraces of queens from the Pristine 400 ppm ϩ Break-Thru 200 ppm treatment were signiÞcantly wider than queens from the Break-Thru 200 ppm, Pristine 0.4 ppm, and Pristine 40 ppm treatments (Table 1) .
Chemical Analysis. Based on the ratio of active ingredients in Pristine (25.2% boscalid and 12.8% pyraclostrobin), pollen treated with this formulated fungicide at the 400 ppm level would be expected to contain 101 ppm boscalid and 51 ppm pyraclostrobin. Chemical analysis of four pollen samples treated with Fig. 2 . Proportion of grafted larvae dying before cell capping (uncapped), dying before adult emergence (unemerged), or emerging as adult queens when reared in boxes supplied with pollen treated with water only (negative control), 100 ppm dißubenzuron (positive control), four dose levels of Pristine, Break-Thru (BT), or a combination of Pristine and Break-Thru. Numbers of grafted larvae represented in each treatment are indicated at the base of bars. 400 ppm Pristine taken from pollen frames after 4 d in the swarm box contained 47 Ϯ 5 ppm boscalid and 22 Ϯ 2 ppm pyraclostrobin, approximately half the expected concentration. Two samples of pollen treated with both Pristine (400 ppm) and Break-Thru (200 ppm) contained the expected concentrations of fungicide: 111Ð119 ppm boscalid and 51Ð56 ppm pyraclostrobin.
Three of four royal jelly samples taken from 400 ppm Pristine treatments contained detectable levels of pyraclostrobin (47Ð52 ppb), but boscalid was not detected in any royal jelly sample. Neither fungicide was detected in royal jelly taken from queens reared in the Pristine ϩ Break-Thru treatment.
Discussion
The experimental approach in which closed swarm boxes were used to deÞne the pesticide exposure was validated. Nurse bees in conÞnement were shown to successfully rear queen larvae while feeding on pollen treated with a deÞned concentration of pesticide. Fewer of the grafted larvae were successfully reared as queens than would be expected using standard techniques (Spivak and Reuter 1994) , but overall queen survival was sufÞcient to allow resolution of treatment effects in the positive control.
The fungicide Pristine, when incorporated into pollen, had no effect at any concentration on queen survival or developmental success through capping and emergence. Similarly, Break-Thru applied to pollen alone, or in combination with Pristine, had no effect on cell capping or queen emergence. These results cast doubt on the hypothesis that these two products are the cause of immature queen mortality observed in queen-rearing operations. It is likely that one reason we observed no effect of Pristine on queen development is that queen larvae received little fungicide through the royal jelly provisions provided by workers. Pyraclostrobin was undetectable, and boscalid was present in royal jelly at concentrations three orders of magnitude less than in treated pollen. DeGrandiÐHoffman et al. (2013) also failed to detect boscalid or pyraclostrobin in royal jelly secreted by workers fed Pristine in pollen. Contrary to the situation with some acaricides (Smodiš Š kerl et al. 2010) , nurse bees appear to break down or Þlter pyraclostrobin and boscalid such that their concentration is greatly reduced in the royal jelly these bees secrete.
Queen size, as measured by thoracic width, did vary by treatment. Pollen treated with Pristine at both the 0.4 and 40 ppm concentrations was associated with a narrower thorax (0.06 mm). However, the effect was not dose-dependent, as the 400 ppm Pristine treatment was not associated with smaller queens. The combination of Break-Thru and Pristine together resulted in queens that were bigger than control (0.04 mm). Some of these differences may be a result of the unbalanced design of the experiment and the fact that all treatments were not tested on all grafting dates. Much greater differences in thoracic width (0.24 mm) have been observed between "high" and "low" quality queens (Tarpy et al. 2011) . The lack of a doseÐre-sponse relationship between Pristine exposure and queen thoracic width, and the relatively small differences observed, suggest that the effects of Pristine and Break-Thru on queen size quality metrics are not great. However, both products could affect other aspects of queen qualityÑmating frequency, sperm storage, and longevityÑthrough mechanisms unrelated to queen size (Tarpy et al. 2011 .
Although there was no evidence that the combination of Pristine and Break-Thru has direct effects on queen development, there did appear to be an interaction occurring at the chemical level. The concentrations of both active ingredients in Pristine were half the expected concentration at the conclusion of the experiment, which indicates that these fungicides were degrading in the pollen. Both boscalid and pyraclostrobin are known to degrade more rapidly at low pH (LagunasÐAllue et al. 2010 (LagunasÐAllue et al. , 2012 . Both pollen and bee bread have low pH, which may accelerate degradation (Herbert and Shimanuki 1978) . However, the addition of the adjuvant Break-Thru appeared to halt this degradation, as both pyraclostrobin and boscalid were present in pollen at their expected concentrations.
As expected, queen larvae reared in boxes with pollen containing dißubenzuron, the positive control, rarely survived to capping. This Þnding validates the approach of using a closed swarm box for toxicological testing in bees. It also provides an alternative explanation for the immature queen and worker mortality observed by beekeepers in California almond orchards. The use of dißubenzuron in almonds during bloom, simultaneous with Pristine application, has been steadily increasing every year since 2004 (Fig. 1) . Dißubenzuron is likely being chosen for use during bloom, when bees are present, because of the low toxicity this insecticide exhibits toward adult honey bees (Atkins 1992) . Although the toxicity of dißuben-zuron to honey bee larvae has been well-established in laboratory and semiÞeld studies (Barker and Taber 1977 , Barker and Waller 1978 , Chandel and Gupta 1992 , Þeld studies, in which a small area of the bees foraging range (Ͻ15 ha) were treated, found no measurable change in bee brood survival (Emmett and Archer 1980, Schroeder et al. 1980) . Little is known about beesÕ exposure to dißubenzuron applied during almond bloomÑa scenario in which vast areas of a colonyÕs foraging range could potentially be treated with this insecticide.
While the exposure of honey bees to fungicides and spray adjuvants during almond bloom continues to be of concern, additional work is needed to determine the role that dißubenzuron and other insecticides toxic to immature insects play in the death of immature queens in California queen-rearing operations.
